We conducted a mineral magnetic study on sand samples from the Taklimakan desert, Tarim Basin in western China. Modern sands were collected at 19 sites in the central and western parts of the Taklimakan desert. We carried out low-field susceptibility measurements, ARM and IRM acquisitions, high-and low-temperature measurements and hysteresis measurements on these samples. Nearly stoichiometric magnetite is the dominant magnetic mineral of these samples. The presence of titanomagnetite is unlikely, and contributions from a high-coercivity mineral(s) are minor. Magnetic grain size is estimated to be that of larger pseudo-single domain or even greater. We compared the hysteresis data against loess samples from both pristine and weathered loess sections from the Chinese Loess Plateau. We found an apparent decreasing grain size trend from the Taklimakan to the central Loess Plateau through the western Loess Plateau. These lines of evidence favour the idea that the Taklimakan desert is one of the potential dust source areas, even though it is located more than 2000 km west of the central Loess Plateau.
I N T R O D U C T I O N
Magnetism of the Chinese loess/palaeosols has been extensively studied since the early 1980s because the observed magnetic enhancement of the embedded soils (palaeosols) seems to be well correlated to marine oxygen isotope fluctuation peaks (e.g. Heller & Evans 1995) . Magnetic enhancement is typically observed as an increase in low-field susceptibility and frequency dependence (e.g. Heller et al. 1991) . Hunt et al. (1995) presented an interpretation to account for the susceptibility enhancement. They showed that the susceptibility enhancement is caused by a concentration of ultrafine magnetite/maghemite grains in the palaeosols. Such ultrafine magnetic minerals are now widely accepted to have a pedogenic origin in warmer and/or wetter climates (e.g. Maher & Thompson 1999) . Recent arguments focus on the possibility of the intracellular formation of ultrafine magnetic particles in the palaeosols (e.g. Jia et al. 1996) .
Unlike the widely accepted pedogenic processes, sourcerelated variations that would cause changes in magnetic minerals in aeolian dust falls to the Loess Plateau have not received much attention. Since loess is principally an aeolian deposit, any variations in dust falls might lead to changes in physical properties and/or chemical compositions in the loess deposit. The possible source areas of the dust input extend to the northwestern regions of China, 4 km 2 (Liu 1988 ). There are more than 12 severely arid areas distributed in this vast area such as Junggar, Qaidam, Badain Jaran and Mu Us, and also the Gobi desert in Inner Mongolia (Fig. 1) . If there are any differences in the magnetic minerals (mineralogy and/or grain size) among these possible source regions, changes in atmospheric circulation patterns may cause temporal fluctuations in the magnetic properties of the loess deposit. However, no systematic study has been carried out so far on the magnetic properties of surface sands from those source areas. The Taklimakan desert is the most extensive sand desert in China, covering 34r10 4 km 2 , where sandstorms occur more than 50 days a year (Pye & Zhou 1989) . The Taklimakan desert has not been regarded as a major source of dust input to the Loess Plateau, mainly because the presently prevailing wind direction of the near-surface winter monsoon is not suitable for transporting dust directly from the Taklimakan to the Loess Plateau (Pye & Zhou 1989) . However, past fluctuations in wind direction and strength are still a matter of debate (e.g. Fang et al. 1999) . The Taklimakan is worth examining as one of the distal sources of dust falls because of its huge areal extent and the frequent occurrence of severe dust storms.
The Taklimakan desert is still one of the most difficult areas in which to make extensive sample collections because of its poor accessibility. One of the authors (TQL) had the opportunity to cross the desert for a regional survey in 1997 and collected surface sands systematically for mineral magnetic study. In order to examine the possibility of the Taklimakan providing the source materials of dust falls to the Loess Plateau, we present mineral magnetic properties of the desert sands from the Taklimakan and compare them with data from two loess localities, Shajinping and Luochuan, from the western and central Loess Plateau.
S A M P L E S A N D L A B O R A T O R Y P R O C E D U R E S
We collected modern sands using one 7 cm 3 cubic box at each site-TKM1 to TKM19 ( Fig. 1 and Table 1 ). Samples TKM1 to TKM11 were collected along the north-south road connecting Luntai and Minfeng, across the central part of the Taklimakan. Samples TKM12 and TKM13 were collected along the east-west road from Minfeng to Houtan. Samples TKM14 to TKM19 were collected along the banks of the south-north-running Houtan River. We took the samples after removing several centimetres of surface cover to avoid anthropological iron contamination, which is mainly caused by modern traffic.
Grain size analysis of the samples was performed using three sieves of different sizes, 45, 125 and 250 mm. Although this procedure is a very simple one, it gives us a general idea about the bulk grain size distribution of the samples collected. As shown in Fig. 2 , most samples can be classified as very fine sand, except TKM13 (fine sand). Some samples such as TKM6, 10, 12 and 14 are ill-sorted and contain many granules in the coarser fraction (>250 mm). Our results are consistent with those of Honda & Shimizu (1998) , who also performed a grain size analysis of the dune sand samples from the Taklimakan.
We used both bulk and magnetically separated samples for mineral magnetic analyses. Magnetic separation was performed using a rare-earth bar magnet. About 3 g of sand samples were dispersed in water using an ultrasonic agitator. Magnetic grains were then attracted by a bar magnet covered with a glass sheath. This simple procedure yielded enough magnetic grains (y10 mg) for most measurements.
In the laboratory, we measured low-field susceptibility, anhysteretic remanent magnetization (ARM) and isothermal remanent magnetization (IRM), high-and low-temperature magnetic properties and magnetic hysteresis. The low-field magnetic susceptibility of a 7 cm 3 sample was measured at two frequencies
T a r im u R .
H o u t a n R . (0.46 and 4.6 kHz) with a Bartington MS2 susceptometer. Since the susceptibilities of the samples are relatively low, we averaged the results of five measurements and each measurement was performed with air calibration (Dearing 1994) .
For the measurements of ARM and IRM, we used a spinner magnetometer (Natsuhara SMD-88). Sand grains were very tightly packed into a 1 cm 3 box and then measured. ARM was imparted at 0.1 T alternating field biased with 100 mT (80 A m x1 ) direct field. After ARM measurements, IRM acquisitions were carried out. The maximum field of 2.5 T was first applied by using a 2G pulse magnetizer (Model 660) and then the back field was applied stepwise. The pulse field was applied twice at each step to average out small fluctuations of the field.
The Curie temperature (T C ) was measured in air with a semihorizontal thermobalance at Kyoto University. The inducing field was 0.85 T and the heating rate was 8 uC min
x1
. Both bulk and magnetic separates samples were analysed up to 600 or 700 uC.
Low-temperature measurements with a Quantum Design magnetic property measurement system (MPMS) were conducted at the Institute for Rock Magnetism (Minnesota University), the Low-Temperature Laboratory (Kyoto University) and the Department of Marine Geology (Geological Survey of Japan). Low-temperature IRM was imparted typically at 6 K with a 1.0 T DC field, and the decrease in IRM was measured during warming up to 300 K (in some cases about 150 K). We used bulk samples of y100 mg to determine magnetic phase transitions below room temperature.
Magnetic hysteresis parameters were measured with a Princeton MicroMag 2900 at both the Institute of Earth Science (Academia Sinica) and Kyoto University. Saturation magnetization (M S ), saturation remanent magnetization (M RS ) and coercivity (B C ) were determined on the slope-corrected hysteresis loops. The back-field magnetization curve was used to determine the remanent coercivity (B CR ). As in the thermomagnetic analysis, we tested both bulk and separated samples.
E X P E R I M E N T A L R E S U L T S 3.1 Low-field susceptibility
Mass-specific susceptibility (x) ranges from 2-4r10 x7 m 3 kg x1 , except for one strong sample (TKM10, y6r10 x7 ), as shown in Table 1 . This value is compatible with that of the least weathered Table 1 . Sample localities and some mineral magnetic properties. loess layers (y2-3r10 x7 m 3 kg x1 , Maher & Thompson 1999 ). The percentage frequency-dependent susceptibility (x FD ) was calculated based on low-and high-frequency measurements (Bloemendal et al. 1985) . The difference between the two susceptibilities is very small, and thus x FD is sometimes close to zero or even has a negative value (Table 1) .
Thermomagnetic analysis
Magnetic separates from all sites were measured in air. All measured curves for magnetic separates show a clear Curie temperature (y580 uC), as shown in Fig. 3 and Table 1 . Bulk samples, however, sometimes failed to give unambiguous thermomagnetic curves. Some samples were heated to 700 uC but did not indicate the presence of haematite. Some thermomagnetic curves show very slight kinks at about 300-400 uC (e.g. TKM5 of Fig. 3 ). Such minor changes could be caused by unmixing of titanomagnetite or inversion of titanomaghemite to magnetite.
Low-temperature measurements
All thermal demagnetization curves of low-temperature IRM show a large decrease at about 120 K (Fig. 4) , indicating the Verwey transition (T V ) of nearly stoichiometric magnetite. Most samples also show a rapid large decrease in magnetization from 6 to y10 K, which suggests the contribution of superparamagnetic (SP) grains (Ö zdemir et al. 1993) . As some measurements contained large amounts of noise, we attempted remeasurements but could not find the reason for the noise. In Table 1 , T V is determined based on the highest peak of the finite difference (DIRM/DT) curve.
Typical loess and palaeosol samples from Luochuan were also measured for comparison and the normalized curves are shown in Fig. 5 . The Verwey transitions are also indicated but significantly subdued not only for palaeosol but also for loess. In addition, the Verwey transition for the palaeosol samples smeared to the lower temperature side. These features are possibly due to partial oxidation of magnetite to maghemite (Ö zdemir et al. 1993) .
IRM
IRM acquisition curves were obtained by applying 2.5 T DC field and followed by stepwise back-field applications. As shown in Fig. 6 , most samples reach saturation magnetization by 2.0 T except TKM9, 14 and 15. A pulse field of 2.5 T should be large enough to saturate haematite but not goethite (Dekkers 1988) . We thus expect minor contributions by goethite for some samples. S x0.3 T (Bloemendal et al. 1992) values range from 0.90-0.98 and the mean value is 0.93t0.02 (Table 1) . These values are more or less compatible with previous results from loess/palaeosol samples such as those of Evans & Heller (1994) and . S x0.3 T values smaller than 0.95 may imply a small contribution by high-coercivity minerals such as haematite or goethite. Partially oxidized magnetite (maghemite) may also contribute to give smaller S x0.3 T values, as suggested by Van Velzen & Dekkers (1999) . 
ARM
Mass-specific ARM susceptibility (x ARM ) was calculated and is listed in Table 1 . We made a plot of x ARM versus x (a Banerjee plot) to test the magnetic grain size of the samples (Fig. 7) . The shaded area of Fig. 7 corresponds to pure magnetite (natural and/or synthetic), for which grain size ranges from 5-25 mm (King et al. 1982) . As shown in the figure, data points suggest a rather simple grain size distribution close to 5 mm except for one outlier (TKM10). Although this grain size estimation is only strictly applicable to the assemblage of non-interacting pure magnetite grains, we can say that the magnetic minerals of the Taklimakan samples have a rather narrow grain size distribution.
Magnetic hysteresis
Magnetic hysteresis loops for both bulk and magnetic separates were measured with a MicroMag. The hysteresis loop of a bulk sample is very biased by paramagnetic substances and is thus shown after slope correction (Fig. 8a) . Although all loops of bulk and magnetic separates (Fig. 8b ) samples seem to reach saturation by y0.6 T, a much higher field-as higher as 2.0 T-is necessary to attain the full saturation, as shown in Fig. 6 . All of the loops are very narrow at the centre, as shown in Figs 8(a) and (b), but without a wasp-waisted distortion. They look more or less like those of typical multidomain (MD) or pseudo-single-domain (PSD) grains (Roberts et al. 1995; Tauxe 1998) .
Ratios of remanence (M RS /M S ) and coercivity (B CR /B C ) are listed in Table 2 . These ratios, determined for bulk and separate samples, are all plotted on the correlation diagram-Day plot (Fig. 8c) . Both bulk and separate data plot near the lower right-hand corner of the PSD field of magnetite (Day et al. 1977) . Furthermore, many of the data points spread out to the right of the PSD field. This is caused by relatively larger B CR /B C and is generally interpreted as the effect of a bimodal grain size distribution such as SD+MD or SD+SP (Wasilewski 1973; Tauxe et al. 1996) .
It should be noted that the magnetic separates data have a relatively narrow distribution, whereas the bulk data spread to the right side of the graph (Fig. 8c) . We believe that the left-side shifting of the magnetic separates data is caused by missing very fine grains (SP) during the magnetic separation. Although missing MD grains may yield the same result, it is unlikely that large MD grains would be lost selectively by the magnetic separation. We believe that the relatively clustered distribution of the magnetic separates is an artefact of the separation procedure and we will hereafter use bulk data for further discussion.
D I S C U S S I O N

Magnetic mineralogy
The magnetically dominant mineral in the Taklimakan sand sample is nearly stoichiometric magnetite. The Curie temperature at y580 uC (Fig. 3 ) and the Verwey transition at y120 K (Fig. 4) are the best evidence for pure magnetite. Partial oxidation of magnetite to maghemite is less likely to be prevailing because of the sharp Verwey transitions for most samples (Ö zdemir et al. 1993) . The presence of titanomagnetite is also unlikely. No thermomagnetic curve clearly indicates titanomagnetite (Fig. 3) . Low-temperature measurements do not suggest titanomagnetite (Fig. 4) . Moskowitz et al. (1998) pointed out that titanomagnetite of a particular ulvö spinel mole fraction shows a characteristic low-temperature transition at about 50 K. Although lithogenic titanomagnetite could possibly be supplied to the desert basin, we could not find any clear indication of titanomagnetite in any of the measurements. We therefore think that the very slight changes of thermomagnetic curves at about 350 uC (Fig. 3) suggest the presence of trace amounts of maghemite. As shown by the IRM acquisition curves of Fig. 6 , most samples may contain minor amounts of a high-coercivity mineral such as haematite and/or goethite. However, values of S x0.3 T are all above 0.9 (Table 1) . Hysteresis loops (Fig. 8) do not show any distortion. The thermomagnetic curves up to 700 uC do not show the Néel transitions of goethite and/or haematite (Fig. 3) . The Morin transition of haematite (y260 K) is not observed at all (Fig. 4) . The relative concentration of high-coercivity minerals is therefore less significant.
Magnetic granulometry
We indirectly estimated the grain size distribution of the magnetically dominant mineral-magnetite-on the basis of the frequency dependence of low-field susceptibility, lowtemperature IRM, ARM and hysteresis data. Most of the frequency-dependent susceptibility (x FD ) data (Table 1) are less than 2 per cent. This is negative evidence for the abundance of grains residing between the stable SD and SP sizes (Eyre 1997) . On the other hand, the low-temperature IRMs show a rapid decrease when warmed above 6 K (Fig. 4) . Such a rapid decrease in remanence is commonly observed for bulk sediment samples (e.g. Torii 1997 ). Ö zdemir et al. (1993) suggested that the superparamagnetism of the oxidized rind of magnetite is responsible for the rapid decrease. During low-temperature oxidation, the surfaces of magnetite grains are subdivided into clusters of fine maghemite, which shows SP behaviour. As pointed out by Eyre (1997) , the grains that give x FD are limited to the SP/SD threshold size. Very quick low-temperature decay of IRM observed in Fig. 4 might be reflecting much smaller magnetic grains.
ARM and hysteresis data point to a more or less consistent conclusion about the grain size distribution of the dominant magnetic mineral. As already mentioned, data points on the x ARM versus x diagram (Fig. 7) overlap with the distribution of pure magnetite of larger PSD or MD grain size (>5 mm). The Day plot also suggests a PSD to MD grain size distribution (Fig. 8c) .
These lines of evidence all suggest that the mean magnetic grain size is that of PSD to MD, if the data are not very biased by the presence of magnetic minerals other than magnetite.
Comparison with other desert samples
The magnetic properties so far reported from sand samples in China have been very limited in number and also in areal distribution. All reported data are from the Mu Us desert, north of the Loess Plateau (number 5 on the inset of Fig. 1 ). Maher & Thompson (1999) measured x of the modern sands at Yulin at the southeastern margin of the Mu Us desert and reported 5r10 x8 m 3 kg x1 , as low as one-tenth of our result.
They also found that the frequency dependence of susceptibility is very low. Sun & Liu (2000) . These values are small compared to those from the Taklimakan. Although the lowfield magnetic susceptibility is a comprehensive parameter and is not able to pinpoint the origin of dust input, dust source areas of the Mu Us and Taklimakan deserts could be different from each other. Recently, Lu & Sun (2000) argued that the dust input to the Loess Plateau was mainly transported by northwesterly and westerly winds but not by northerly winds during the last glacial cycle based on the sedimentation rate of the loess layers. It may be possible to infer west and/or northwest areas as the main dust sources for central China. 
Comparison with the loess/palaeosol samples
The magnetically dominant mineral in the Taklimakan samples is nearly stoichiometric magnetite, as discussed in the above sections. The major magnetic mineral in the loess/palaeosol sequences is also magnetite without titanium substitution (e.g. Maher & Thompson 1992) . However, such magnetite is generally oxidized to various extents. In Fig. 5 , thermal demagnetization curves of low-temperature IRM of loess and palaeosol samples from Luochuan, a typical loess/palaeosol section on the central Loess Plateau, are shown for comparison. The Verwey transitions of these samples are very reduced and shifted to lower temperatures, which indicates partial oxidation of magnetite either in the loess or in the palaeosol (Ö zdemir et al. 1993) . When compared with the subdued Verwey transition of Luochuan samples, the Taklimakan samples feature sharp Verwey transitions, as shown in Fig. 4 . Almost negligible maghemitization may be reflecting highly desiccated depositional conditions in the desert. Magnetic grain size also differs between the loess and the Taklimakan samples. In order to compare grain size distributions, hysteresis parameters of the Shajinping and Luochuan loess samples and Taklimakan samples are shown. Shajinping is located in Lanzhou City, Gansu Province and is much closer to the western arid areas than Luochuan. Mishima et al. (2001) found that the Shajinping samples do not show significant magnetic enhancement for most Holocene and Malan loess. We therefore consider the Shajinping samples as typical pristine loess (background component of Mishima et al. 2001) and those from Luochuan as typical magnetically enhanced loess (Maher & Thompson 1999) .
In Fig. 9 , hysteresis parameters from the three areas are plotted on a bilogarithmic Day plot diagram. The data from both loess and palaeosol layers are plotted but with different symbols on the figure. One data point from the Taklimakan sample (TKM2) plots outside the graph. Parry (1982) introduced the power-law relationship M RS /M S =c(B CR /B C ) m for sized particles of magnetite (SD to MD). Excluding the data from TKM2 and palaeosols from Luochuan (small dots in Fig. 9 ), we made a least-squares fit and obtained c=0.65 and m=x1.2 (r=0.8091 for 100 data points). The regression line (Fig. 9) is not identical to that proposed for the sized particles of magnetite (Parry 1982) , M RS /M S =0.5(B CR /B C ) x1.6 . However, our powerlaw trend is also unlike that observed in some remagnetized carbonate rocks (Jackson 1990) , where the magnetocrystalline anisotropy is stronger than the shape anisotropy (c>0.86). Although we cannot give a good theoretical explanation for the meaning of the coefficients (c and m) of the observed power law, the apparent decreasing grain size trend from Taklimakan to Luochuan is remarkable (Fig. 9) . Hysteresis data of the palaeosols of Luochuan, however, are not distributed on the same trend. The palaeosol data plot in between the loess data and Parry's sized magnetite trend (Fig. 9) . If we accept the simple idea that most magnetite in loess (not in palaeosols) is lithogenic in origin, that is, is transported as dust falls to the Loess Plateau from the source areas, then we can give a straightforward explanation for the trend observed in Fig. 9 . Taklimakan could be one of the distal source areas with coarser lithogenic magnetite grains. Shajinping is located at the western edge of the Loess Plateau and has been receiving a coarser fraction of the dust fall material. This corresponds to the magnetic background component claimed by Mishima et al. (2001) . Luochuan is located about 500 km east of Shajinping and only a finer dust fraction has been deposited.
C O N C L U S I O N S
(1) The magnetically dominant mineral in the Taklimakan sands is nearly stoichiometric magnetite on the basis of high-and low-temperature experiments. Slight oxidation (maghemitization) is implied but not significant. A minor contribution from a high-coercivity mineral, possibly goethite, is implied from the IRM acquisition experiment.
(2) The grain size of the magnetite is estimated at larger PSD to MD range on the basis of x ARM /x and hysteresis parameters.
(3) We compared our hysteresis data with those of pristine loess samples (Shajinping) and weathered loess samples (Luochuan). These three data sets display a linear trend on the bilogarithmic Day plot diagram. A grain size decrease is suggested from Taklimakan to Luochuan through Shajinping. We believe that most of the magnetite in the loess is originally supplied as aeolian dust from the Taklimakan, and the decrease in grain size can be explained as a function of the transportation distance from the western arid areas to the Loess Plateau. Our results emphasize the importance of material input from the west to the Loess Plateau as recently suggested by Lu & Sun (2000) on the basis of dust sedimentation rate.
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